Abbreviations : Bst L5, ribosomal protein L5 from Bacillus stearothermophilus ; CD, circular dichroism; MALDI-TOF MS, matrix-assisted laser desorption ionization time of ‰ight mass spectrometry; Mr, molecular ratio; RNP, ribonucleoprotein; RP-HPLC, reverse-phase high performance liquid chromatography; SDS-PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; SPR, surface plasmon resonance; TFA, tri‰uoroacetic acid Biosci. Biotechnol. Biochem., 66 (1), [103][104][105][106][107][108][109] 2002 On the Interaction of Ribosomal Protein L5 with 5S rRNA Ribosomal protein L5, a 5S rRNA binding protein in the large subunit, is composed of aˆve-stranded antiparallel b-sheet and four a-helices, and folds in a way that is topologically similar to the ribonucleprotein (RNP) domain [Nakashima et al., RNA 7, 692-701, 2001]. The crystal structure of ribosomal protein L5 (Bst L5) from Bacillus stearothermophilus suggests that a concave surface formed by an anti-parallel b-sheet and long loop structures are strongly involved in 5S rRNA binding. To identify amino acid residues responsible for 5S rRNA binding, we made use of Ala-scanning mutagenesis of evolutionarily conserved amino acids occurred at b-strands and loop structures in Bst L5. The mutation of Lys33 at the b 1-strand caused a signiˆcant reduction in 5S rRNA binding. In addition, the Arg92, Phe122, and Glu134 mutations on the b 2-strand, the a3-b 4 loop, and the b 4-b 5 loop, respectively, resulted in a moderate decrease in the 5S rRNA binding a‹nity. In contrast, mutation of the conserved residue Pro65 at the b 2-strand had little eŠect on the 5S rRNA binding activity. These results, taken together with previous results, identiˆed Lys33, Asn37, Gln63, and Thr90 on the b-sheet structure, and Phe77 at the b 2-b 3 loop as critical residues for the 5S rRNA binding. The contribution of these amino acids to 5S rRNA binding was further quantitatively evaluated by surface plasmon resonance (SPR) analysis by the use of BIAcore. The results showed that the amino acids on the b-sheet structure are required to decrease the dissociation rate constant for the Bst L5-5S rRNA complex, while those on the loops are to increase the association rate constant for the Bst L5-5S rRNA interaction.
Ribosomal protein L5, a 5S rRNA binding protein in the large subunit, is composed of aˆve-stranded antiparallel b-sheet and four a-helices, and folds in a way that is topologically similar to the ribonucleprotein (RNP) domain [Nakashima et al., RNA 7, 692-701, 2001 ]. The crystal structure of ribosomal protein L5 (Bst L5) from Bacillus stearothermophilus suggests that a concave surface formed by an anti-parallel b-sheet and long loop structures are strongly involved in 5S rRNA binding. To identify amino acid residues responsible for 5S rRNA binding, we made use of Ala-scanning mutagenesis of evolutionarily conserved amino acids occurred at b-strands and loop structures in Bst L5. The mutation of Lys33 at the b 1-strand caused a signiˆcant reduction in 5S rRNA binding. In addition, the Arg92, Phe122, and Glu134 mutations on the b 2-strand, the a3-b 4 loop, and the b 4-b 5 loop, respectively, resulted in a moderate decrease in the 5S rRNA binding a‹nity. In contrast, mutation of the conserved residue Pro65 at the b 2-strand had little eŠect on the 5S rRNA binding activity. These results, taken together with previous results, identiˆed Lys33, Asn37, Gln63, and Thr90 on the b-sheet structure, and Phe77 at the b 2-b 3 loop as critical residues for the 5S rRNA binding. The contribution of these amino acids to 5S rRNA binding was further quantitatively evaluated by surface plasmon resonance (SPR) analysis by the use of BIAcore. The results showed that the amino acids on the b-sheet structure are required to decrease the dissociation rate constant for the Bst L5-5S rRNA complex, while those on the loops are to increase the association rate constant for the Bst L5-5S rRNA interaction.
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It is now common knowledge that RNA molecules play essential roles in a large number of biological processes of living cells, such as pre-mRNA splicing in the spliceosome 1) and peptide-bond formation in the ribosome.
2) Usually, RNA molecules perform these functions in close association with RNA-binding proteins. Hence, the RNA-protein interaction is central to understanding a wide range of biological processes. However, mechanism(s) of the protein-RNA interaction are not as well understood as protein-DNA interaction.
Ribosomal protein L5 is a 5S rRNA binding protein and occurs as a ribonucleoprotein particle within the central protuberance of the subunits. 3, 4) Although the physiological role of the 5S rRNA-protein particle in the ribosome is not well understood, the 5S rRNA-protein particle has long been a good model system for studying the protein-RNA interaction, because it is readily isolated and reconstituted. 5) In Bacillus stearothermophilus, two ribosomal proteins (Bst L5 and Bst L18) were identiˆed as 5S rRNA binding proteins and correlated with the Escherichia coli homologues L5 and L18, respectively.
5) The proteins Bst L5 and Bst L18 consist of 179 and 120 amino acid residues and share 59 and 53z identical residues with Escherichia coli homologues, respectively. 6) A ribonuclease T1 hydrolysis experiment showed that Bst L5 and Bst L18 protect the nucleotide sequence of 18 to 57 and 58 to 100 of E. coli 5S rRNA, respectively. 7) We earlier determined the crystal structure of Bst L5 at 1.8 Å resolution by multiwavelength anomalous dispersion using a selenomethionyl derivative. 8) Bst L5 hasˆve b-strands and four ahelices. Characteristic features are that the Bst L5 The protein model is from Nakashima et al. 8) A, The sidechains are shown only for residues that were found to be essential for 5S rRNA binding. 8) B, The side-chains are shown for residues for which the contribution to 5S rRNA binding was examined in this study. structure is a highly twisted b-sheet with a concave surface on one side of the molecule, and that Bst L5 resembles the RNP (ribonucleoprotein) domain (also referred to as RNA recognition motifs: RRMs), which is one of the most common RNA binding domains, comprising over 600 sequences. The RNP domain speciˆcally recognizes both single-stranded and highly structured RNAs, and two highly conserved amino acid sequences (RNP1 and RNP2) have been identiˆed in the central strands of an antiparallel b-sheet. 9, 10) The U1A protein, a component of the U1 small nuclear ribonucleoprotein particle, is the best-known protein having the RNP domain.
11)
The RNA-binding domain of the U1A protein, complexed with a 21-nucleotide RNA hairpin, was analyzed by X-ray crystallography.
12) The structure showed that the heptanucleotide sequence in the RNA loopˆts into the groove in the b 2-b 3 loop and the C-terminal extension, interacting with the conserved RNP1 and RNP2 motifs at b 3 and b 1-strands, respectively, within a large surface of the bsheet. This suggests that the anti-parallel b-sheet as well as long loop structures of Bst L5 may be responsible for 5S rRNA binding.
In the foregoing study, we examined the implication of nine amino acids: Asn37, Gln63, Phe77, Arg80, Thr90, Ile141, Tyr143, Asp144, and Asp153, in 5S rRNA binding by site-directed mutagenesis, and identiˆed Asn37, Gln63, Thr90, and Phe77 as essential amino acids for 5S rRNA binding (Fig. 1A) . 8) In this study, we evaluated the involvement of Lys33, Pro65, and Arg92 at b-sheet, and Phe122 and Glu134 on the loop structures in the 5S rRNA binding (Fig. 1B) . Furthermore, we quantitatively analyzed the Bst L5-5S rRNA interaction by SPR analysis with the BIAcore system. Since the RNP domain is the most widely found in the RNA binding proteins, our analyses will provide broadly applicable insights into the mechanism by which this family of proteins binds to cognate RNA sequences.
Materials and Methods
Materials. Bacterial strains used as cloning hosts were Esherichia coli JM109 and BL21 (DE3). The plasmid vectors used in this work were as follows: pGEM-T EASY vector from Promega and pET-22b expression vector from Novagen. Restriction enzymes and nucleic acid modiˆcation enzymes were purchased from MBI Fermentas and Takara Shuzo, respectively. A Chameleon double stranded sitedirected mutagenesis kit and in vitro transcription kit were obtained from Stratagene and Amersham Pharmacia Biotech, respectively. Oligonucleotides used in this study were purchased from Amersham Pharmacia Biotech. SA sensor chips were obtained from BIAcore Inc. All other reagents grade chemicals were purchased from nacalai tesque or Wako Pure Chemicals.
Site-directed mutagenesis and preparation of the BstL5 mutant proteins. Five mutant proteins, in which Lys33, Pro65, Arg92, Phe122, and Glu134 were replaced by Ala, were constructed by the unique site elimination method 13) using a Chameleon double stranded site-directed mutagenesis kit, and overproduced in E. coli cells using the expression vector pET-22b 14) as described previously. 8) The puriˆcation of the mutant proteins was done in the same manner as those described in our previous paper.
8)
Far-ultraviolet CD. CD spectra in the far-ultraviolet range, 200-250 nm, were recorded at room temperature on a JASCO J 720 spectropolarimeter. Signal averaging during accumulation ofˆve scans was done automatically. The path length of the cells used was 1 mm, and the buŠer was 10 mM sodium phosphate buŠer, pH 7.0, containing 0.2 M NaCl.
5S rRNA binding assay. The B. stearothermophilus 5S rRNA was produced in the presence of 35 S-UTP using T7-based in vitro transcription with a plasmid template (pGEM-T EASY vector), and the binding assay was done, exactly as described previously. 8 ) Data wereˆtted to curves by the non-linear least-squares method using Kaleidagraph software after normalization of the retention e‹ciency. 15) SPR analysis. Immobilization of the B. stearothermophilus 5S rRNA on the sensor chips was principally done, as described previously. 16) Brie‰y, both ‰ow cells of an SA sensor chip were coated with a low concentration (about 60 resonance units) of a biotinylated 30-nucleotide oligonucleotide (5?-GCC-TAGCAACGACCTACTCTTGCAGGGGCG-3?) complementary to the nucleotide sequence at the 3? end of the B. stearothermophilus 5S rRNA. 17) Five hundred nM solution of the 5S rRNA in 1 M NaCl and TMK buŠer (50 mM Tris-acetate buŠer, pH 7.6, containing 20 mM Mg-acetate, 350 mM KCl, and 6 mM bmercaptoethanol) was captured on a ‰ow cell by manually injecting at a 2 ml W min ‰ow rate. A small amount of 5S rRNA were used to coat the surface (about 80 resonance units). No 5S rRNA was captured on another ‰ow cell, so it could be used as a reference surface. The biosensor assay was run at 379 C in TMK buŠer and 10z glycerol. The proteins were injected over ‰ow cells for 2 min at a concentration of 2 mM using a ‰ow rate of 30 ml W min. The bound protein was removed with a 60-s wash with 2 M NaCl, which did not damage the RNA surface. The association and dissociation phase data wereˆt simultaneously using a nonlinear data analysis program.
Chymotryptic digestion. The Bst L5-5S rRNA complex was formed by mixing the 5S rRNA and Bst L5 in TMK buŠer at a molar ratio of 1:3 and incubating the mixture at 559 C for 1 h. The compex was cooled and the unbound protein removed by passage over a Sephacryl S-200 column (1.6×63 cm) equilibrated with the TMK buŠer. The fractions containing the Bst L5-5S rRNA complex peak was pooled and digested with chymotrypsin at an enzyme W substrate ratio (w W w) of 1:200 at 09 C. The reaction was stopped by the addition of acetic acid. Samples were taken at various times, and the reaction products were analyzed by SDS-PAGE using 12z polyacrylamide gel. The reaction products after 1.5 h of digestion were put through RP-HPLC on a Cosmosil 5C 4 -300 column (4.6×250 mm), and the peptides were eluted by increasing acetonitrile concentrations in 0.1z TFA. The puriˆed peptides were sequenced with a gas phase sequencer PSQ-1 (Shimadzu). The molecular weights of peptides were measured on a Voyager MALDI-TOF MS (Applied Biosystems). a-Cyano-4-hydroxycinnamic acid in acetonitrile-water-0.1z TFA (50:40:10) was used as the matrix, and the E. coli thioredoxin (MBI Fermentas) was used for external calibration.
Results and Discussion
Preparation of mutant proteins In our previous study, 8) Asn37, Gln63, Phe77, and Thr90 in Bst L5 were identiˆed as essential amino acids for 5S rRNA binding. The b-sheet and loop structures that were predicted to be involved in the 5S rRNA binding include additional conserved amino acid residues: Lys33, Pro65, Arg92, Phe122, and Glu134, among the ribosomal protein L5 family (Fig. 2) . In this study, weˆrst evaluated their contribution to 5S rRNA binding by aˆlter binding assay.
Five mutant proteins, in which Lys33, Pro65, Arg92, Phe122, and Glu134 were individually replaced by Ala, were constructed and overproduced in E. coli cells. Allˆve mutant proteins were puriˆed by the same procedures as that for the wild type Bst L5. The yields were about 30 mg W liter in induced culture. To evaluate the structure of the mutant proteins, the CD spectrum in the far-ultraviolet was measured. The CD spectra of the mutant proteins were approximately identical to that of the wild-type, indicating that the conformation of the mutant proteins was not changed markedly by these mutations (data not shown).
Filter binding assay
The 5S rRNA binding activity of the mutant proteins was measured by aˆlter binding assay, as described under Materials and methods. Table 1 summarizes the apparent binding constants (Ka) calculated from these binding curves. It was found that the mutation of Lys33 severely weakened the binding a‹nity to 5S rRNA, and a less severe decrease in 5S rRNA binding activity was observed with the Arg92, Phe122, and Glu134 mutations. In contrast, the mutation of Pro65 had no signiˆcant eŠect on the binding a‹nity. These results indicate that Lys33 is essential for 5S rRNA binding, and that the other three residues Arg92, Phe122, and Glu134 make small contributions to the binding of Bst L5 to 5S rRNA. The ribosomal proteins Bst, Eco, Hma, Mja, Sce, and Hsa indicate proteins from B. stearothermophilus, E. coli, H. marismortui, Methanococcus jannaschii, Saccharomyces cerevisiae, and Homo sapiens, respectively, and the sequence alignment was cited from our previous paper. 8) Identical residues in all six proteins are enclosed in boxes. & and  indicate amino acids for which the contribution to 5S rRNA binding were examined by the site-directed mutagenesis in the previous and present studies, respectively. Amino acid residues are numbered according to Bst L5. n.a n.a n.a
The values for association constant Ka obtained from theˆlter binding assay were estimated by the method of Draper et al. 15) The values for the apparent association constants obtained by BIA core were calculated from the relationship Ka＝ka W kd. a Data were obtained from the previous report. 8) n.a, not analyzed. The table summarizes the results of three independent experiments.
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Essential amino acids for 5S rRNA binding
This study, together with our previous study, 8) identiˆed Lys33, Asn37, Gln63, and Thr90 at the anti-parallel b-sheet as essential amino acids for 5S rRNA binding. Therefore, the surface formed by the anti-parallel b-strands b 1, b 2, and b 3 is assumed to be one of the binding sites for 5S rRNA. Additionally, Phe77 on top of the b 2-b 3 loop was found to be essential for 5S rRNA binding activity. 8) As described in the X-ray structure analysis, the electron density corresponding to the b 2-b 3 loop in Bst L5 was the least well deˆned, suggesting that the b 2-b 3 loop may be disordered. 8) It is therefore likely that the b 2-b 3 loop may be rearranged upon 5S rRNA binding.
The crystal structure of the U1A protein in a complex with an RNA hairpin loop shows that the tennucleotide RNA loop binds the surface of the bsheet, making contact with Tyr13, Asn15, and Asn16 at the b 1-strand, and with Gln54 and Phe56 at the b 3-strand. 12) In the complex structure, the b 2-b 3 loop containing Arg52 protrudes through the RNA loop where it forks from the stem and prevents the pairing of bases within the RNA loop.
12) It was described how the b 2-b 3 loop in the U1A protein is disordered in the absence of RNA and rearranged upon RNA binding. 18) On the basis of this information, it could be thus assumed that b 1-and b 3-strands and the b 2-b 3 loop in the Bst L5 molecule may be equivalent to the corresponding structures in the U1A protein in terms of RNA binding, although the essential amino acid residues for RNA binding are variant in two proteins.
Probing contact sites of BstL5 with 5S rRNA During the course of this study, Steitz and coworkers reported the crystal structure of the intact 50S ribosomal subunit from Haloarcula marismortui determined at 2.4 Å resolution.
19) The crystal structure of the H. marismortui 50S ribosome subunit shows the structure of HmaL5 in complex with 5S rRNA, revealing how HmaL5 interacts with 5S rRNA in the ribosome. When 5S rRNA binding sites on HmaL5 are examined, 5S rRNA predominantly interacts with the anti-parallel b-sheet. This is consistent with the result derived from the mutagenesis, which deˆned the anti-parallel b-sheet, comprising b 1-, b 2-, and b 3-strands, as one of the 5S rRNA binding sites. In addition, the mutational study suggests that Phe77 located at the b 2-b 3 loop is strongly involved in 5S rRNA binding. The crystal structure of the H. marismortui 50S ribosome subunit however shows that the loop containing the conserved Phe (Phe61 in HmaL5) locates far from 5S rRNA. Thus, it was unlikely that the Phe residue may make direct contact with 5S rRNA binding, rather it may be involved in stabilizing conformation of the 5S rRNA binding site at the b-sheet. Alternatively, the interaction of the protein L5 and 5S rRNA in vitro may be diŠerent from that within an intact ribosome. Indeed, it has been reported that the structure of 5S rRNA in complex with L5, L18, and L25 diŠers from that in the 50S ribosome subunit. 20) To address this question, the accessibility of Phe77 within the Bst L5-5S rRNA complex was probed by chymotryptic digestion. For this purpose, we reconstituted the Bst L5-5S rRNA complex and then puried it by gelˆltration on a Sephacryl S-200 column. Chymotryptic digestions of Bst L5 and the Bst L5-5S rRNA complex with the enzyme to substrate ratio of 1 to 200 produced approximately identical peptides, as judged by SDS-PAGE (Fig. 3) . The chymotryptic digest of the Bst L5-5S rRNA complex produced two peaks C1 and C2 which were separated by RP-HPLC (Fig. 4) , and the N-terminal sequences and molecular weights of the peptides were identiˆed and measured. The N-terminal sequencing and MALD-TOF MS ([M+H] + ＝m W z 8,540.91) analyses of the peak C1 identiˆed it to be the N-terminal peptide (calculated Mr of 8,532) from the positions 1 to 77. Sequencing analysis of the peak C2 provided Met-Asn-Arg-and Arg-Leu-Arg-, and MS analysis yielded two unrelated peaks, showing values of [M+H] + ＝m W z 11,638.6 and 20,090. The result indicated that the peak C2 was a mixture of the peptide (Mr, 11,647) from the position 78 to 179 and the intact Bst L5 (Mr, 20,161). The result unambiguously localized two digested peptides at positions from 1 to 77 and from 78 to 179, respectively, in the primary structure of Bst L5, indicating that Phe77 was accessible to chymotrypsin irrespective of the presence of 5S rRNA. It was thus strongly suggested that the primary role of Phe77 is to stabilize the conformation of the 5S rRNA binding site on the concave surface of the b-sheet, rather than make a direct contact with 5S rRNA. In this context, the Phe77 residue at the b 2-b 3 loop in Bst L5 was found not to be equivalent to Arg52 at the b 2-b 3 loop in the U1A protein. The Bst L5-5S rRNA containing 1 mg of Bst L5 was digested with 5 mg of chymotrypsin at 09 C for 1.5 h, and the resulting peptides were put on a Cosmosil 5C 4 -300 column (4.6× 250 mm). The peptides were eluted by acetonitrile in 0.1z TFA at the ‰ow rate of 1.0 ml W min. Proteins were injected at times indicated by association and exposed to the surface for 120 s, followed by 60 s wash with 2 M NaCl during which dissociation could be observed. The resulting parameter values are given in Table 1 
SPR analysis
To gain more insight into the mechanism by which the Bst L5 protein interacts with 5S rRNA, we analyzed their interaction by SPR with BIAcore system. For this purpose, the 5S rRNA prepared by in vitro transcription was immobilized via biotinylated oligonucleotide complimentary to the nucleotide sequence at the 3?-end on the SA sensor chip. Figure 5 shows typical sensorgrams of the association and dissociation of Bst L5 and its mutant proteins with 5S rRNA. The values for the association rate constant (ka), dissociation rate constant (kd ), and apparent association constants (Ka) obtained in this analysis are summarized in Table 1 . The SPR measurements gave a similar relative binding strength to those obtained by theˆlter-binding assay, the Ka values derived from real-time analyses by the BIAcore system were approximately identical to those obtained from theˆlter-binding assay. The BIAcore measurements showed that mutants in which the amino acids at the b-sheet were substituted, retained values for the association rate constants (ka) comparable to that of the wild-type, while they showed increased values for the dissociation rate constants (kd ). On the contrary, the mutant proteins in which the amino acids at the loop structures were replaced had comparable values of dissociation rate constants to that of the wild-type, while they showed decreased association rate constants compared with that of the wild-type. These results indicated that Lys33, Asn37, Gln63, and Thr90 at the b-sheet contribute to 5S rRNA binding primarily by keeping Bst L5 in direct contact with 5S rRNA once the complex has been formed. As described in the previous paper, 8) the b 4-b 5 loop gave a strong electron density, thereby suggesting a rigid conformation. It is thus unlikely that the amino acids Glu134, Ile141, and Asp144 at the b 4-b 5 loop are directly involved in 5S rRNA binding, rather they participates in stabilization of the b-sheet structure. Therefore, Phe77 at the tip of the b 2-b 3 loop and Glu134, Ile141, and Asp144 at the b 4-b 5 loop play a role in stabilizing the conformation of the b-sheet structure, which would lead to increasing the association rate constant of the Bst L5 interaction with 5S rRNA.
In conclusion
Ribosomal protein L5 is highly conserved in three phylogenetic kingdoms, and the RNA binding proteins containing RNP domains represent the largest family of RNA binding proteins and perform critical functions at all levels of posttranscriptional gene regulation. 21) Hence, the studies of the interaction between Bst L5 and 5S rRNA described here form a solid basis for establishing a deep understanding of the dynamic process of RNA recognition by the ribosomal protein L5, as well as RNA binding proteins containing RNP domains in general. While the atomic resolution structure of RNP domains bound to cognate RNAs have been described in several cases, [22] [23] [24] [25] the mechanisms of complex formation remain largely unknown. Kinetic studies like those described here will be critical for understanding how the dynamics of the interaction allow the RNA binding proteins to recognize and trap their RNA targets.
